Background:
The role of three-dimensional transesophageal echocardiography (3DTEE) vs multidetector computed tomography (MDCT) in aortic annular sizing has been poorly defined in patients undergoing transcatheter aortic valve replacements (TAVR). We set to determine the correlation between 3DTEE and MDCT in measuring the aortic annulus prior to TAVR.
Methods:
In an observational, retrospective study, we compared aortic annular areas measured by MDCT and 3DTEE in TAVR patients. The aortic annular area was measured by planimetry of images obtained by MDCT pre-TAVR and by intra-TAVR TEE using 3D rendering of the aortic annulus followed by planimetry. Our primary outcome was degree of correlation between mean aortic annulus area by 3DTEE and MDCT.
Results: Of the 111 consecutive patients undergoing TAVR who had measurements from both modalities available for comparison between February 2012 and April 2015, 87 met inclusion criteria. The mean aortic annular area by MDCT was 4.44±0.88 cm 2 and by 3DTEE was 4.33±0.78 cm 2 . There was a strong positive linear correlation between aortic annular area measurements obtained from these two modalities with mild relative underestimation by 3DTEE (ρ=.833). This relationship can be estimated using the predictive formula:
Conclusions: Three-dimensional transesophageal echocardiography measurements have a high degree of correlation with MDCT measurements and thus can assist in proper valve prosthesis selection for TAVR. Our study thus supports use of 3DTEE as a reasonable alternative imaging modality in patients undergoing TAVR. as well as magnetic resonance imaging (MRI) 13, 17, 18 can be used for pre-TAVR or intra-TAVR aortic valvular prosthesis sizing. Other studies, however, have identified significant differences between measurements obtained from these modalities. 5, 6, 19, 20 Pre-TAVR MDCT with intravenous contrast administration has emerged as the gold standard, providing the smallest margin of error. 15 MDCT is also preferred as it provides the capability to measure annular calcification, coronary ostial height, sinus of Valsalva dimensions, and peripheral vascular anatomy in a single contrast scan. It is known that the aortic annulus is often underestimated when using 2D echocardiography when compared to the more accurate MDCT measurements. 21 However, despite its superior precision, MDCT exposes patients to radiation and intravenous contrast in order to obtain the necessary measurements for aortic valvular prosthesis sizing. In addition, some patients who are high risk for surgical aortic valve replacement (SAVR) and are being evaluated for TAVR have renal dysfunction and/or are at risk for contrast-induced renal injury. This issue is especially relevant to patients with severely reduced creatinine clearance. Clinical outcomes of TAVR in patients with new-onset renal replacement therapy post-TAVR have been shown to be worse. 22 These patients may, therefore, be at high risk for adverse outcomes from the contrast load necessary to accurately evaluate the aortic annulus prior to TAVR by CT. Some investigators have suggested three-dimensional transesophageal echocardiography (3DTEE) as an alternative in providing accurate cross-sectional area and perimeter measurements for patients undergoing TAVR. 21, 23 Although others have cautioned that 3DTEE annulus cross-sectional measurements are severely underestimated when compared to MDCT. 5, 6, 19 We present data comparing intra-TAVR 3DTEE measurements with pre-TAVR MDCT measurements in evaluating the aortic annular area.
| MATERIALS AND METHODS

| Patient selection
This was an observational, retrospective study in which we reviewed the records of 111 consecutive patients with symptomatic severe aor- 
| Image acquisition
| Multidetector computed tomography
Prior to TAVR, all patients had a MDCT to evaluate aortic root geom- 
| Three-dimensional transesophageal echocardiography
All patients in our study had an intra-TAVR TEE during the TAVR to assist with valve deployment and with postdeployment assessment.
The echocardiographer had access to all information in the patient's medical records, including pre-TAVR MDCT results. Intra-TAVR multiplanar reconstruction of 3DTEE (Philips Medical Imaging, Andover, MA, USA) was used to obtain end-systolic aortic annular area. For the aortic annulus, measurements were performed by acquiring a 3D fullvolume loop and rotating it in the short axis to make the aortic valve enface to the viewing screen. The plane was then lowered below the visible aortic valve cusp hinge points to bring in the view the aortic annulus, defined as the circumferential virtual ring. 26 At this step, a manual planimetry was performed of the aortic annulus to calculate an aortic annular area. 
| Statistical analysis
We used Pearson's correlation coefficient to estimate the validity of using 3DTEE in estimating the aortic annular area, aortic annular maximum diameter, and aortic annular minimum diameter, and provided 95% confidence interval as a measure of the strength of the association.
Additionally, we used paired t test to compare the two measurements.
The established gold standard for measuring the aortic annular area prior to TAVR is MDCT. 15 We used general linear regression to provide a model for predicting the MDCT aortic annular area based on the 3DTEE aortic annular area. Patients' demographic and clinical characteristics were summarized using descriptive statistics such as mean ± standard deviation, count (percent), and median (interquartile range). Statistical analyzes were performed in STATA (StataCorp, College Station, TX, USA).
| RESULTS
| Patients enrollment and baseline characteristics
Overall, 111 patients were screened for the study. As shown in Figure 1 , after excluding 24 patients, data were collected and analyzed in 87 patients. The mean age was 84.55±6.15 years. Table 1 summarizes demographic profile of the patients: 55% (n=61) were male, and 90% (n=100) were non-Hispanic Caucasians. 
| Comparison of MDCT vs TEE for aortic annular sizing
The mean aortic annular area by MDCT was 4.44±0.88 cm 2 , while by 3DTEE it was 4.33±0.78 cm 
| DISCUSSION
Our results indicate that aortic annular sizing can be performed with good accuracy using intra-TAVR 3DTEE. Annular area measurements closely correlate with those obtained from MDCT pre-TAVR.
However, our data also suggest that while aortic annular area has better correlation, the same correlation is less robust for the minimum and maximum diameters between two modalities.
Accurate sizing of the aortic annulus is crucial to determine the F I G U R E 4 Correlation plot of MDCT area vs 3DTEE area, predicted line, 95% confidence limit and 95% predicted limit. 3DTEE, three-dimension transesophageal echocardiogram; MDCT, multidetector computed tomography 
| Comparison of measurements
There have been several smaller studies, which have investigated 3DTEE as an alternative to MDCT in the preoperative assessment of the aortic annulus. In one study of 53 patients, 3DTEE volumetric imaging was shown to correlate closely with findings on MDCT, with some underestimation of annular size. 19 Another study of 71
patients with severe AS, demonstrated that 3DTEE accurately evaluated the aortic root (including aortic valve area, aortic annular area, left ventricular outflow tract area and coronary ostial distance from the aortic annulus) when compared with MDCT. 28 19 observed that 3DTEE underestimated the aortic annular size by up to 9.6% when compared with F I G U R E 6 Correlation plot of MDCT aortic annular maximum diameter vs 3DTEE aortic annular maximum diameter, predicted line, 95% confidence limit and 95% predicted limit. 3DTEE, threedimension transesophageal echocardiogram; MDCT, multidetector computed tomography F I G U R E 7 Correlation plot of MDCT aortic annular minimum diameter vs 3DTEE aortic annular minimum diameter, predicted line, 95% confidence limit and 95% predicted limit. 3DTEE, threedimension transesophageal echocardiogram; MDCT, multidetector computed tomography P=.002). In their study, the Pearson coefficient for correlation was .8337, which is similar to our result (.833). In addition, the aortic annular values in their study were higher with MDCT than with 3DTEE
results, similar to our findings. Several reasons have been proposed for this: lack of adequate smoothing algorithms 31 and influence of contrast media causing halation between aortic annular muscle and the left ventricle cavity. 29 Strong correlation of intra-TAVR 3DTEE
and with pre-TAVR MDCT measurements of the aortic annular areas in our study can be likely attributed to the similarity in the methodology of the how the measurements were obtained, that is, by aligning the aortic annulus enface in the short axis at the level of the virtual aortic annular plane by both methods, using the appropriate software mentioned above and making measurements. Our results and linear regression formula demonstrate pre-TAVR MDCT-derived aortic annular area can be predicted from intra-TAVR 3DTEE. A validation cohort study would, however, be needed to demonstrate its predictive accuracy.
| Limitations
Our study is a single-center retrospective study. We did not collect other variables such as for sinus of valsalva, sino-tubular junction, coronary ostial height, LVOT calcification, and aortic leaflet calcification. These measurements may be important for prosthesis sizing and procedural planning and can be made available by pre-TAVR MDCT. Sinus of valsalva and sino-tubular junction measurements can, however, be obtained from 2D transthoracic echocardiogram.
In addition, 3DTEE may provide limited information for valvein-valve interventions due to acoustic shadowing artifacts from stented bioprosthetic frames. Similarly, a general limitation of 3DTEE is it's inability to accurately measure heavily calcified left ventricular outflow tracts. This may have contributed to some of the missing intra-TAVR 3DTEE measurements in some of the excluded patients although we did not track this information as it was not available to us.
| CONCLUSION
Using our TAVR 3DTEE imaging protocol, our data suggest that intra-TAVR 3DTEE provides a reasonably accurate imaging modality size the aortic annulus for transcatheter heart valve (THV) sizing when compared to MDCT-derived measurements and thus can complement other imaging modalities to assist in proper prosthesis selection for TAVR. Our study, therefore, provides evidence supporting the use of intra-TAVR 3DTEE as an acceptable alternative imaging modality for patients who are unable to undergo MDCT for THV sizing such those at high risk for renal injury from iodinated contrast media prior to TAVR.
